Wearable fingertip device is a promising form to display haptic stimuli since it provides a lightweight and natural way for operators to grasp or manipulate the objects in the virtual environment. This paper focuses on the analysis and performance evaluation of a wearable fingertip device for haptic applications. The device is equipped with three small servo motors and can provide 3-DOF (degree of freedom) force feedback at fingertip with contact/non-contact capability. It combines a five-bar linkage and a slider-crank linkage, and these two linkages are decoupled, leading to simpler kinematics than some devices with coupled structures. In order to present the device, its mechanical analysis, kinematics analysis, and static force analysis were carried out at first. Then, four experiments were designed and conducted to evaluate the device performance quantitatively. The first experiment aimed to verify the effectiveness in rendering variable stiffness. The second experiment investigated its capability in providing different skin stretch directions for operators. The third experiment evaluated its performance improvement during virtual manipulation. The last experiment aimed to verify the effectiveness in displaying mass information during remote manipulation. The experimental results indicated that this device was capable of rendering various stiffness. It could generate eight clear skin stretch directions. The subjects had better performance during virtual manipulation with cutaneous feedback provided by the device than without cutaneous feedback. The device was also capable of displaying mass information during remote manipulation.
I. INTRODUCTION
Virtual reality, which breaks the boundaries of computer screens and lets people immerse themselves in virtual environments, is a popular technology in recent years. Some virtual reality devices, such as Oculus [1] and Cardboard [2] , can provide realistic visual scenarios as well as real-time sound effects. However, visual and audio feedback is very limited when operators attempt to touch, hit, or feel virtual objects in virtual environments. Haptic device acts as an interface between operators and virtual environments. It provides force or tactile sensation when operators interact with virtual environments, which greatly enhances the authenticity and immersion of the interaction [3] . Now haptic devices have The associate editor coordinating the review of this manuscript and approving it for publication was Lei Wei . been widely applied in the fields such as medical virtual surgery [4] , teleoperated robots [5] - [7] and entertainment [8] .
Grounded haptic devices [9] - [13] , whose bases are fixed to the ground, can provide strong kinesthetic feedback for operators. However, the device of this type is usually complex and expensive and faces poor portability. Therefore, researchers focus on wearable haptic devices. Wearable haptic devices deliver haptic stimuli on the operator's hand, arm or other body parts [14] - [16] . Generally, wearable haptic devices for hand and fingertip can be mainly categorized into hand exoskeleton devices and fingertip devices. CyberGrasp [17] , Dexmo [18] , and the five-fingers wearable soft robotic glove [19] are the representative hand exoskeleton haptic devices. The hand exoskeleton haptic devices are mostly dorsal-based and have large output force. Therefore, it's necessary to consider the safety guarantee principle in the case of the actuators out of control [20] . Moreover, they are usually heavy and cumbersome, which limits their applications. Compared with hand exoskeleton devices, fingertip devices provide an effective way to simplify the design of wearable device. They are usually installed on the fingertip and provide cutaneous feedback. They take advantages in terms of compactness and comfortability and have small constraints on finger movement. Minamizawa et al. designed a wearable fingertip device, named Gravity Grabber, to display the mass of a virtual object [21] . A pair of motors and a belt are employed to generate vertical stress and shearing stress. The device weighs only 35 g with dimensions of 50 × 33 × 34 mm. Prattichizzo et al. applied Gravity Grabber in teleoperation to demonstrate the effectiveness of this device [22] . One limitation of Gravity Grabber is that it can't simulate contact/non-contact force. Similar to Gravity Grabber, Tsetserukou et al. proposed a fingertip haptic device, called LinkTouch [23] . The device uses micromotors and the inverted five-bar linkage mechanism to produce two-DOF force feedback at the finger pulp. The normal force is 0.58 N. The device weighs 13.5 g with dimensions of 26.1 × 32 × 38.5 mm. Solazzi et al. designed a three-DOF fingertip haptic device, called Active Thimble, for contact and orientation display [24] . Four DC (direct current) motors, a voice coil actuator, and bilateral Bowden cables are employed to apply force to the end effector. The maximum continuous force is 1.97 N. Although the main body of the device weighs only 56 g, the motor pack weighs 200 g. Based on Active Thimble, Gabardi et al. designed a new three-DOF fingertip device, called Haptic Thimble, for surface exploration [25] . The device uses two servo motors and a voice coil motor as actuators. Since the servo motor weighs only 3.9 g, Haptic Thimble weighs 30 g with dimensions of 66 × 35 × 38 mm. Prattichizzo et al. designed a three-DOF fingertip device for cutaneous force feedback [26] . The device uses three micromotors to pull a triangular platform through three cables. The platform can touch the fingertip at any angle. The device can apply the maximum force of 1.5 N. Leonardis et al. presented a wearable device with three DOFs for rendering contact force at finger pulp [27] . The three RSR (revolute-spherical-revolute) configuration is employed to obtain compact dimensions. Three servo motors are utilized as actuators. The device weighs only 22 g with dimensions of 20 × 30 × 39 mm. Similarly, a three-DOF wearable fingertip device was proposed by Chinello et al. for stiffness rendering [28] . A RRS (Revolute-Revolute-Spherical) kinematic chain is employed in the device. The device has three servo motors to drive the three upper revolute joints and a vibrotactile motor to provide vibrotactile stimuli. The maximum normal force of the device reaches 4.7 N. The fabricated device weights 25 g with dimensions of 35 × 50 × 48 mm.
The studies in [29] and [30] justify the need for three-DOF force feedback at the fingertip and demonstrate that three-DOF force feedback at fingertip has performance improvement compared with one-DOF and no feedback conditions during manipulation. Furthermore, the study in [25] shows that the fingertip device with contact/non-contact capability can render wide tactile cues, such as collisions and edges. While many fingertip devices in the literature with three-DOF force feedback and contact/non-contact capability are based on structures with relatively complex kinematics. This paper focuses on a new wearable fingertip device (shown in FIGURE 1). It can provide three-DOF force feedback at fingertip with contact/non-contact capability. In this device, a five-bar linkage and a slider-crank linkage are utilized to construct the three-DOF structure. These two linkages are decoupled, leading to simpler kinematics than some devices with coupled structures, such as the fingertip devices in [31] , [32] . The main contribution of this paper is to analyze and evaluate the proposed device. At first, its mechanical analysis, kinematics analysis, and static force analysis were carried out. Then, four experiments were designed and conducted. The first verified its effectiveness in rendering variable stiffness. The second experiment investigated its capability in providing different skin stretch directions. The third experiment evaluated its performance improvement during virtual manipulation. The last experiment verified its effectiveness in displaying mass information during remote manipulation.
II. DEVICE ANALYSIS A. MECHANICAL ANALYSIS
The general structure of the wearable fingertip device is shown in FIGURE 2. The device can be mainly divided into five parts, including a finger interface, a five-bar linkage, a slider-crank linkage, a tactor, and three servo motors (HS5035HD, HITEC). Two servo motors, marked as #1 and #2, are installed on the slider. One servo motor, marked as #3, is fixed to the finger interface. The specifications of the servo motor are shown in TABLE 1. The finger interface has a T-shaped stage. Correspondingly, the slider has a T-shaped groove, which can be matched with the T-shaped stage. Therefore, the slider can move back and forth along the finger. The support surface of the T-shaped groove is cut as sharp as possible to reduce the contact area between the finger interface and the slider, thereby reducing the mechanical friction. The finger interface also has a semi-cylindrical structure to provide room for the finger. The semi-cylindrical structure has four holes for elastic ropes to establish a tight fit between the finger interface and the finger. One end of the driving link of the five-bar linkage is connected to the shaft of the motor #1, and one end of the other link is connected to the shaft of the motor #2. One end of the crank is connected to the shaft of the motor #3, and one end of the connecting rod is fixed to the slider. The tactor is located at the intersectional joint of the output links of the five-bar linkage. The Chebyshev-Gruebler-Kutzbach formula DOF = 3(l − 1) − 2j shows the relationship between the DOF and the number of links and joints, where l is the number of links and j is the number of joints [33] . According to this formula, the five-bar linkage, which is also used in LinkTouch [23] , has two DOFs. And, like W-FYD device [34] , the device in this paper realizes an additional DOF through an extra servo motor. Therefore, the device in this paper has three DOFs in total. W-FYD device is still a two-DOF device although three actuators are equipped.
B. KINEMATICS ANALYSIS 1) FORWARD KINEMATICS
The five-bar linkage has the features in terms of high efficiency and high payload. The schematic diagram of the fivebar linkage used in this device is shown in FIGURE 3a. The link DE stays immobile. The links DB and EC are the driving links. The links BA and CA are the output links. A represents the position of the tactor. When rotating the driving links, A can follow the desired trajectory within the workspace. The lengths of DE, DB, BA, CA, and EC are l 1 , l 2 , l 3 , l 4 and l 5 , respectively. θ represents the angle between the link and the X-axis. Taking D as the origin of the Cartesian coordinate system, the following equations can be derived:
The combination of Equations 1 and 2 gives:
which can be rewritten as:
where a = 2(l 2 cos θ 1 − l 1 − l 5 cos θ 2 )l 3 (5) b = 2(l 5 sin θ 2 − l 2 sin θ 1 )l 3 (6) c = (l 2 cos θ 1 − l 1 − l 5 cos θ 2 ) 2 + (l 2 sin θ 1 − l 5 sin θ 2 ) 2 + l 2 3 − l 2 4 (7)
Supposing cos θ 3 = 1−ω 2 1+ω 2 , sin θ 3 = 2ω 1+ω 2 , ω can be expressed as:
Considering the structural characteristics and ω = tan θ 3 2 , θ 3 can be calculated as:
Therefore, the coordinates of A (x A , y A ) can be calculated based on θ 1 and θ 2 , which are the input angles of the five-bar linkage.
x A = l 2 cos θ 1 + l 3 cos θ 3 = l 2 cos θ 1 + l 3 cos 2 arctan
The slider-crank linkage is commonly used to convert rotary motion to reciprocating motion. The kinematic scheme of the slider-crank linkage used in this device is shown in FIGURE 3b. The length of the crank HI is l 7 and the equivalent length of the connecting rod IG is l 6 . l 8 represents the length between the points H and G. θ 5 is the angle between the link IG (dashed line) and the Z-axis, while θ 6 is the angle between the link HI and the Z-axis. θ 7 represents the angle between the links HI and IG (dashed line). Since sin θ 5 = l 7 sin θ 6 l 6 , l 8 can be calculated as:
The original position of the slider is selected as l 8 at θ 6 = 90 • , marked as z 0 . Therefore, z 0 can be calculated as:
The position of the tactor along Z-axis can be treated as the distance the slider travels. Therefore, the coordinate of A (z A ) can be derived as:
According to the Equations 10, 11, and 14, the coordinates of the tactor (x A , y A , z A ) can be calculated. In this paper, the links DB and EC share the same length of 36 mm. The links BA and CA share the same length of 20 mm. The links DE, HI , and IG (dashed line) are selected to be 22, 15, and 21.42 mm, respectively. The conservative workspace of the device is 25 × 10 × 15 mm.
2) INVERSE KINEMATICS
According to Equations 10 and 11, the coordinates of A (x A , y A ) can be expressed as:
The combination of x A and y A gives:
Supposing cos θ 1 = 1−σ 2 1+σ 2 and sin θ 1 = 2σ 1+σ 2 , the Equation 16 can be rewritten as:
where
Then, θ 1 can be calculated as:
x A and y A also can be expressed as:
Then, the combination of x A and y A also gives:
Similarly, θ 2 can be derived as:
where,
Based on the law of cosines, θ 6 can be calculated as:
Then, the input angles of the five-bar linkage (θ 1 and θ 2 ) and the slider-crank linkage (θ 6 ) can be obtained based on the Equations 21, 24 and 28, respectively.
C. STATIC FORCE ANALYSIS
For a device with contact/non-contact capability, the normal force is an important parameter since the force in the other two DOFs depends on it. In the normal force analysis, the gravity of the five-bar linkage is neglected since the 3D printing material is adopted which is lightweight. For the tactor in static equilibrium, the force applied to the links of the five-bar linkage mechanism is shown in FIGURE 4. The torque generated by the motors #1 and #2 is τ 1 and τ 2 , respectively. Therefore, the force perpendicular to the link DB and EC can be calculated as: F 1 = τ 1 /l 2 and F 2 = τ 2 /l 5 . Then, the force along the link BA and CA can be expressed as:
The normal force can be expressed as the resultant force F N , which is calculated as:
Using the above analysis, the peak normal force of the device can be estimated. Combining the Equations 29, 30 and 31, the peak normal force of the device reaches up to 3.40 N theoretically. Actually, the device was calibrated to obtain the relationship between the position input and the actual normal force output. To reduce the error caused by individual difference, 20 subjects (13 males, 7 females) participated in the calibration. Each subject was asked to wear the device on the index finger. The motors #1 and #2 were commanded to generate force on the finger pulp. The applied force was recorded using a device equipped force sensor (FSR 400, Interlink Electronics), which had 7.62 mm diameter, 0.1 N actuation force, and 10 N force range. The average force data under each command was calculated as the final result (shown in FIGURE 5 ). Since the command of the motor was PWM (Pulse Width Modulation) signal and the motors #1 and #2 rotated synchronously in the calibration, the duty cycle of the motor #2 was selected to represent the position input. The recorded maximum normal force reached 3.68 N, which was a little larger than the theoretical maximum normal force. 
III. EVALUATION EXPERIMENTS
In order to evaluate the performance and potential of the device in haptic applications quantitatively, four experiments were designed and conducted. Before the experiments, in order to determine the amount of stimulus change in the following experiments, the just-noticeable difference (JND) of the device was tested. According to the method of limits described in [35] , 20 subjects (13 males, 7 females) participated in the JND test. The overall JND was computed as the mean of the results obtained for all subjects. The JND test showed that the device had the JND of approximately 14% for normal force and 11% for skin stretch. 
A. STIFFNESS DISCRIMINATION EXPERIMENT
This experiment aimed to verify the effectiveness of the device in rendering variable stiffness.
1) SETUP
The experimental setup (shown in FIGURE 6 ) was mainly composed of a virtual environment, a Leap Motion, and a fingertip device. There were three springs in the virtual environment. These springs had their own stiffness assigned by the software. The subjects needed to wear the fingertip device on the index finger to feel the three springs. The position of the index finger was tracked via the Leap Motion, which had the dynamic position accuracy of 1.2 mm. When the index finger moved toward the Leap Motion, the spring was correspondingly compressed. The interaction force was rendered using F = k l, where k and l represented the stiffness and the compression of the spring, respectively. The interaction force was measured using the device equipped force sensor. In the experiment, the subjects relied on both visual feedback and cutaneous feedback provided by the device to feel and distinguish the different stiffness.
2) METHODS 20 right-handed subjects (10 males, 10 females, aged between 21-30) participated in the stiffness discrimination experiment. These subjects never had obstacles in perception or finger dysfunction during their life. Before the experiment, the subjects could wear the device and squeeze the virtual springs for a while in the pre-training phase. During the experiment, they were asked to feel and distinguish three groups of springs (shown in TABLE 2). Each group had three springs and their stiffness was marked as k 1 , k 2 and k 3 . The three springs shared the same stiffness difference in the given group, that was, k = k 3 − k 2 = k 2 − k 1 . However, the three groups did not share the same stiffness difference. The stiffness differences of Group 1, 2, and 3 were set as 200, 100, and 50 N/m, respectively. It was expected that the difficulty in stiffness discrimination got greater as the stiffness difference got smaller. To obtain general results, k 1 , k 2 , and k 3 in each group were randomly assigned to the three springs. The experiment started with Group 1. The subjects were asked to squeeze the three springs and sort the stiffness from small to large. Each subject had 20 seconds to feel each spring. If the discrimination results were correct, then, the subject could go to Group 2, which had a similar setup and task as Group 1. If the discrimination results were wrong, it represented the subject finished his/her experiment. Similarly, if the discrimination results of Group 2 were correct, the subject could go to Group 3. After all subjects finished the experiments, their discrimination results were collected and analyzed.
3) RESULTS
According to FIGURE 7, all subjects passed the test of Group 1, 17 subjects passed the test of Group 2, and only 11 subjects passed the test of Group 3. Three subjects failed in the test of Group 2 because they made two mistakes, that was, they did not sort two stiffness correctly. Six subjects failed in the test of Group 3, five of them made two mistakes, and one of them made three mistakes. It indicated that the subjects had more difficulties in distinguishing the stiffness as the difference ( k) got smaller, which was consistent with the research in [36] .
The specific analysis of the subject performance in each group is shown in FIGURE 8. The ''Stimuli'' represents the assigned stiffness and the ''Responses'' represents the discrimination results of the subjects. The entries along the main diagonals are the correct ratios of the discrimination results, whereas all other entries are error ratios. It was obvious that FIGURE 8a demonstrated the best performance, while FIGURE 8c demonstrated the worst performance. Besides, as shown in FIGURE 8b, all subjects discriminated the softest stiffness (k 1 ), while 15% subjects failed to discriminate the stiffness k 2 and k 3 . In addition, it can be further seen from FIGURE 8c that, under k = 50 N/m, k 1 had the highest correct ratio (88%), while k 3 had the lowest correct ratio (65%). It indicated that, under the same stiffness difference, the correct ratio of stiffness discrimination was related to the absolute value of stiffness. The performance of the subjects in FIGURE 8b and FIGURE 8c could be explained by the Fechner's law, suggesting that the greater stimulus differences were required in order to perceive the same difference when the physical quantity increased [37] . This experiment showed that the device had the capability of rendering variable stiffness, which made it possible for operators to interact with the objects of different stiffness in the virtual environment.
B. STRETCH DIRECTION DISCRIMINATION EXPERIMENT
This experiment aimed to use the device to present different directions of skin stretch on the finger pulp and investigate whether the subject could discriminate these stretch directions.
1) SETUP
The setup, as shown in FIGURE 9, was mainly composed of an interface and a fingertip device. The subject needed to perceive and recognize groups of skin deformation along different directions. The interface in the computer screen included two sections. The left section was the direction generation section and it had eight buttons marked from ''Direction1'' to ''Direction8''. Once the button was clicked, the tactor of the device would travel along the assigned direction on the finger pulp. The right section was the direction decision section. It had eight buttons with arrows, representing the directions the subject needed to select. To obtain accurate results, the device and the hand of the subject were shielded to prevent him/her from predicting the directions through visual information.
2) METHODS 20 right-handed subjects (15 males, 5 females, aged between 22-29) participated in the experiment. These subjects never had obstacles in perception or finger dysfunction during their life. In the experiment, each subject was asked to wear the device on his/her index finger and perceive three groups of directions. The first group provided four cardinal directions, including ''North'', ''South'', ''East'', and ''West''. The second group provided four diagonal directions, including ''Northeast'', ''Northwest'', ''Southeast'', and ''Southwest''. The last group provided both four cardinal and four diagonal directions (shown in FIGURE 10 ). The buttons ''Direction1''-''Direction4'' in the interface were valid in the first group, ''Direction5''-''Direction8'' were valid in the second group, and all eight buttons were valid in the last group. In each group, the directions were randomly assigned to the buttons by the software. In order to evaluate the influence of the offset indentation on the subject performance, the three groups were conducted under the offset indentations of 0.75 and 1.5 mm, respectively. During the experiment, the tactor was first moved to the center point with respect to the finger pulp. Then, it touched the finger pulp and moved on the tangential plane with 2.5mm/s speed, following the assigned direction. After the direction being presented to the subject once, the subject was asked to select the perceived direction among the buttons in the direction decision section. When all subjects finished the experiment, their results were recorded and analyzed. It was worth noting that all directions in each group were presented to the subject and there was no duplicated assigned direction. However, due to confusion, the subject might select one or some directions in the direction decision section more than once.
3) RESULTS
As shown in FIGURE 11 , the performance of the subjects in 4 DD group was almost the same as in 4 CD group. All subjects could discriminate four cardinal directions clearly under both 0.75 and 1.5 mm offset indentations. The average correct ratios for all subjects in discriminating four diagonal directions under 0.75 and 1.5 mm offset indentations were 98.75% and 100%, respectively. In addition, similar to the research in [38] , the performance of the subjects got poor as the number of directions increased. The subjects had the average correct ratios of 85% and 93.75% in discriminating the eight directions under 0.75 and 1.5 mm offset indentations, respectively.
The detailed analyses of the subject performance in discriminating the eight directions under 0.75 and 1.5 mm offset indentations are shown in FIGURE 12. The ''Stimuli'' in the confusion matrix represents the assigned directions and the ''Responses'' represents the selections of the subjects. The entries along the main diagonals are the ratios of correct direction selections, whereas all other entries are error ratios. According to the two confusion matrices, the incorrect responses were all located in neighboring cells of the stimuli. Under 0.75 mm offset indentation (FIGURE 12a), ''North'' had the highest correct ratio and all subjects discriminated this direction correctly. Subjects also had good performance in ''South'', ''Northwest'', and ''Northeast'', and the correct ratios of these directions were 0.95, 0.95, and 0.90, respectively. It was worth noting that six subjects did not discriminate ''Southwest'' correctly. Among them, five subjects selected ''West'' and one subject selected ''South''. In addition, seven subjects did not discriminate ''Southeast'' correctly. Among them, six subjects considered it as ''East'' and one subject considered it as ''South''. As the offset indentation increased, the subjects had improved performance in the direction discrimination. Under 1.5 mm offset indentation (FIGURE 12b), all subjects discriminated ''North'', ''South'', and ''West'' correctly. The correct ratio of ''Northwest'' reached 0.95. Similar to the performance in FIGURE 12a, the subjects still had relatively poor performance in ''Southwest'' and ''Southeast''. Three subjects did not discriminate ''Southeast'' correctly and they all considered it as ''East''. Two subjects considered ''Southwest'' as ''West''. The poor performance in ''Southwest'' and ''Southeast'' under both 0.75 and 1.5 mm offset indentations was due to the shape of the finger and the limited tactor strokes along these two directions.
Generally, the subjects had the average correct ratio of at least 85% in stretch direction discrimination experiment, which indicated that they were capable of discriminating the stretch directions provided by the device effectively.
C. EXPERIMENT OF INTERACTION FORCE CONTROL
This experiment aimed to use the device to provide cutaneous feedback for the subject during virtual manipulation and investigate the performance improvement in a pick-and-place task.
1) SETUP
The experimental setup (shown in FIGURE 13 ) mainly included a virtual scenario, a Leap Motion, and two devices. There was a cube (14.5 × 14.5 × 14.5 cm), a target area (16 × 16 cm) and two hand proxies in the virtual scenario representing the position and orientation of real hands. The real hands were tracked via the Leap Motion. Once the cube was touched, the devices were actuated to provide cutaneous feedback. The interaction force was rendered using F = k x, where k represented the cube stiffness and x represented the protruding depth. In this experiment, k was selected as 290 N/m. The mass of the cube was set as 35 g. The dynamic and static friction coefficients were set as 0.5 and 0.55, respectively. The breaking force threshold was set as 3.40 N. That was to say, the cube was crushed when the applied force reached 3.40 N. The normal force during the interaction was still measured using the device equipped force sensor. The minimum force required to pick the cube was estimated as 0.36 N. The tactor was commanded to move 5 mm in tangential direction to simulate slippage if the interaction force was less than 0.36 N.
2) METHODS 20 subjects (12 males, 8 females, aged between 21-30) participated in the experiment. These subjects never had obstacles in perception or finger dysfunction during their life. Since not all subjects had experience in interacting with the virtual environment, a pre-training phase was provided. In the pretraining phase, they were allowed to work with the devices for a while. Also, they were allowed to feel the breaking force threshold of the cube. In the actual experiment, the subject was asked to wear the devices on the index fingers of two hands. The task was to pick the cube in the virtual scenario and place it in the target area as soon as possible without breaking it. The subject was told to use as much force as he/she could to complete the task. If the cube was crushed, the subject failed in this round and the task was required to be reset. When the reset button was clicked, the experimental data of this round was removed and a new cube was created. Only when the subject placed the cube in the target area successfully, he/she completed the experiment and the experimental data was archived. The experimental data of each subject included the task completion time and the maximum force during the task. In addition, the number of breaks was recorded and added to the experimental data. To investigate the influence of cutaneous feedback on task performance, the subject needed to complete the task in four conditions (N: no cutaneous feedback, L: cutaneous feedback for left finger, R: cutaneous feedback for right finger, and L + R: cutaneous feedback for two fingers). During the task without cutaneous feedback, the subject was still asked to wear the devices to eliminate the influence of other factors (such as Leap Motion's tracking) on the experimental results.
3) RESULTS
As shown in FIGURE 14a, the subjects had the best performance in the task completion time in condition L + R, while the performance in condition N was the worst. In condition N, except for the abnormal value (32.59 s), the minimum and maximum time needed to complete the task was 12.01 and 28.83 s, respectively. And, the average time was calculated as 19.52 s. In condition L, the minimum and maximum time were 10.42 and 25.19 s, respectively. The average time in this condition was 2.97 s shorter than that in condition N. The subjects needed the minimum and maximum time of 9.77 and 23.1 s to complete the task in condition R and their average time was 2.20 s shorter than that in condition N. The minimum time required in condition L + R was only 7.25 s and the maximum time was 17.97 s. The calculated average time in condition L + R was 8.41 s shorter than that in condition N. In addition, it could be seen that condition L + R had a more concentrated time distribution than three other conditions. The difference between the maximum and minimum time in condition L + R was 10.72 s. The differences in conditions L and R were 14.77 and 13.33 s, respectively, which were shorter than 16.82 s in condition N. Therefore, it could be concluded that cutaneous feedback had a positive effect on the task completion time.
The maximum force of the subjects in condition L + R was closer to the breaking force threshold (3.40 N) compared with three other conditions. As shown in FIGURE 14b, the lower limit, the average value, and the upper limit of the maximum force in condition N were 0.53, 1.80, and 3.16 N, respectively. The lower and upper limits of the maximum force in condition L were almost the same as those in condition N, but the average value in condition L was 0.24 N higher. Compared with condition L, condition R had slight performance improvement in the maximum force. With the lower limit, the average value, and the upper limit of 1.93, 2.81, and 3.38 N, respectively, the maximum force performance improved greatly in condition L + R. In addition, similar to the distribution of the task completion time, the maximum force distribution in condition L + R was more concentrated than those in three other conditions.
As for the number of breaks (FIGURE 14c), in condition N, at least one subject broke the cube three times before he/she completed the task. The average number of breaks in this condition was calculated as 1.28. The performance slightly improved when singer finger cutaneous feedback was provided. The average number of breaks in conditions L and R reduced to 0.83 and 0.78, respectively. The performance in condition L + R was the best, and the average number of breaks was only 0.5.
In general, the subjects performed better in the experiment with cutaneous feedback than without cutaneous feedback. The performance improvement was reflected in the task completion time, the maximum force and the number of breaks. Compared with left finger cutaneous feedback, right finger cutaneous feedback had slight performance improvement, which might due to that the most subjects were right-handed. The performance of the subjects improved greatly when cutaneous feedback for two fingers was provided. In this condition, the subjects could control the interaction force closest to the breaking force threshold, while having the least number of breaks.
D. MASS PERCEPTION EXPERIMENT
This experiment aimed to verify the effectiveness of the device in displaying mass information in remote environment and investigate the performance difference between cutaneous feedback and kinesthetic feedback. 
1) SETUP
The experimental setup (shown in FIGURE 15 ) had two sides, mainly including a fingertip device, a Touch haptic device from 3D Systems, a camera, a 3-DOF desktop robot arm, a set of standard weights, a 3D-printed box and a FlexiForce sensor (model: A201). The subject needed to manipulate the Touch haptic device to lift the 3D-printed box on the target plate using the 3-DOF desktop robot arm. One function of the Touch haptic device was to track the subject's hand position. The camera was used to provide visual information during manipulation. The change of mass before and after lifting was recorded using the FlexiForce sensor, which was located under the target plate. A magnet was attached to the endeffector of the robot arm and another magnet was fixed in the box. The attraction between the magnets was strong enough, even if weights of 400 g were added to the box.
2) METHODS 20 subjects (12 males, 8 females, aged between 21-29) participated in the experiment. These subjects never had obstacles in perception or finger dysfunction during their life. Since not all subjects had experience in interacting with the remote environment, a pre-training phase was provided. In the pretraining phase, they were allowed to work with the devices for a while. In the actual experiment, the subject was asked to wear the fingertip device on the index finger and grab the pen-shaped end-effector of the Touch haptic device with other fingers at first. Then, he/she was asked to control the desktop robot arm to lift the box on the target plate and feel the mass of box. After he/she remembered this mass, the box was manually removed from the end-effector of the robot arm and placed back on the target plate with some weights being added or removed. The subject needed to repeat the previous steps and feel the mass of the current box. The task was to compare this group of mass and tell whether the first mass was lighter, heavier, or the same as the second. All subjects needed to feel three groups of mass in two rounds. In Round A, the fingertip device was actuated to provide cutaneous feedback when the box was lifted and force feedback of the Touch haptic device was disabled. In Round B, the Touch haptic device was actuated to provide one-DOF force feedback in the direction of gravity when the box was lifted and the fingertip device was unactuated. The mass assignment was list in TABLE 3.
3) RESULTS
As shown in FIGURE 16 , the performance of the subjects in Round A (with cutaneous feedback) was close to that in Round B (with kinesthetic feedback). Under Group 3, 85% of the subjects could successfully tell the mass difference in Round A and the ratio reached 90% in Round B. The performance of the subjects deteriorated as the mass difference was reduced. Under Group 2, the performance in Round A was the same as that in Round B and the average correct ratio was 80%. The subjects had the average correct ratio of 65% in Round A under Group 1. The average correct ratio in Round B under this group was only 60%. Maybe due to the characteristics of skin and muscle, in this experiment, kinesthetic feedback was slightly superior to cutaneous feedback in displaying strong stimuli. While cutaneous feedback was slightly superior to kinesthetic feedback in displaying weak stimuli.
Generally, this experiment showed that the device had the capability of displaying the mass information in the remote environment, which made it possible for operators to explore remote objects.
IV. CONCLUSION
This paper focuses on the analysis and evaluation of a wearable fingertip device for haptic applications. The device combines a five-bar linkage and a crank-slider linkage and equips three servo motors so that the tactor can move in 3-DOF and provide force feedback on the finger pulp. In order to present the device, its mechanical analysis, kinematics analysis, and static force analysis were conducted at first. Then, four experiments were designed and conducted to evaluate the performance of the device. The first experiment focused on stiffness discrimination. The subjects were asked to wear the device to discriminate three groups of springs.
Each group had three springs and their stiffness was randomly assigned. Only after the subject sorted the stiffness from small to large correctly could he/she participate in the test of the next group. The stiffness difference narrowed as the subject went further. The results of this experiment showed that the subjects had more difficulties in discriminating the stiffness as the difference got smaller. In addition, under the same stiffness difference, the correct ratio of discrimination was related to the absolute value of stiffness. The first experiment demonstrated the device was capable of rendering variable stiffness, which made it possible for operators to wear the device to interact with virtual objects of various stiffness. The second experiment used the device to present different skin stretch directions on the fingertip pulp and calculated the correct ratios of the direction discrimination. Three groups of directions (four cardinal directions, four diagonal directions, and both four cardinal and four diagonal directions) under 0.75 and 1.5 mm offset indentations were conducted. The results indicated that the subjects had better performance in four-cardinal-direction and four-diagonal-direction groups than in all-eight-direction group. That was to say, the performance of the subjects got poor as the number of directions increased. However, the subjects still had the average correct ratio of at least 85%. The confusion matrices of the subject performance in the all-eight-direction group showed the subjects had overall better performance under 1.5 mm offset indentation than under 0.75 mm offset indentation. In addition, due to the shape of the finger and the limited strokes along ''Southwest'' and ''Southeast'', the performance in these two directions was not as good as in the other directions. The second experiment indicated the subjects could discriminate the skin stretch directions provided by the device effectively. The third experiment used the devices to provide cutaneous feedback during a pick-and-place task. To evaluate the influence of cutaneous feedback on task performance, the task was completed in four conditions. The experimental data showed that the subjects had improved performance with cutaneous feedback than without cutaneous feedback. Furthermore, the performance with cutaneous feedback for two fingers improved greatly. In this condition, the subjects could control the interaction force closest to the breaking force threshold, while having the least number of breaks. The last experiment focused on the mass perception in the remote environment. In this experiment, the subjects were asked to feel the mass of the box with cutaneous feedback provided by the device and with kinesthetic feedback provided by the Touch haptic device, respectively. The experimental results showed that the performance of the subjects with cutaneous feedback was close to that with kinesthetic feedback. The device was capable of displaying mass information during remote manipulation.
